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Abstract 
Modal-based damage detection methods, have received considerable attention in civil engineering applications. Damage is identified by 
comparing the typical dynamic properties of the damage and undamaged structure. In the present work, methods based on modal 
curvature and modal flexibility differences are employed for identifying and locating honeycomb damage in Reinforced Concrete beam 
models. In order to verify the suitability for implementing algorithms, eigenvalue analyses are carried out on finite element models of 
Reinforced Concrete beam and the eigenvectors for different cases are extracted. Damage is considered as a localized reduction in 
structural stiffness. It is observed that these methods effectively detected the existence of damage and are able to locate the position of 
damage for single and multiple damage scenarios for beams. 
© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Institute of Technology Nirma 
University, Ahmedabad. 
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1. Introduction 
Civil Engineering structures are prone to deterioration and damage during their service life period. Damage assessment 
attempts to determine whether structural damage has occurred as well as the location and extent of the damage. Vibration 
based damage identification techniques are global methods that are able to assess the condition of the entire structure at 
once. These methods are based on the fact that damage in a structure alters dynamic characteristics of the structure. The 
change is characterized by changes in the eigen parameters that are natural frequency, damping values and the mode shapes 
associated with each natural frequency.  Damage is identified by comparing the typical dynamic properties of the damaged 
and undamaged structure. Many algorithms for damage detection have been developed as the outcome of extensive research 
over the three decades in the field of vibration based damage detection [1]. 
In reinforced concrete structure, the damage may be caused by cracking, surface deterioration, surface deposits, 
deformation, and construction defects or construction features. There have been significant efforts to detect the location of 
defects in reinforced concrete structures using one or more modal properties [2-7].  
One of the common defects in concrete is honeycombing. It is categorized as construction defect which occurs in 
concrete that is not correctly consolidated due to poor vibrations or poor design of formwork. Voids may occur due to 
segregation of coarse aggregates, fine aggregates with cement. Though there are a few common in-situ testing techniques 
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used to detect honeycombs in concrete such as hammer testing, shaker testing, ultrasonic pulse velocity testing and other 
studies on honeycombing damage are limited.  
The changes in the first and higher derivative of the local flexural stiffness are evaluated from experimental modal data 
and used for detection of voids in reinforced concrete beams [8]. An algorithm using Laplacian operator and Geometric 
mean operator for detecting honeycombing in RC beam is developed and experimentally verified [9]. A technique to 
determine the location and severity of honeycomb damage in a reinforced concrete beam using frequency mode shape 
regression focusing on minimal data is developed by Ismail et al. [10].   
In this paper, honeycomb damage detection is demonstrated with the help of modal curvature and modal flexibility 
method. Initially formulations of damage detection methods are explained and then results regarding the damage detection 
are presented. 
2. Damage Detection Algorithms  
2.1. Modal Curvature Based Damage Detection Method 
The pre and post-damage eigenvectors are the basis for damage detection. Mode shape curvature for the beam in the 
undamaged and damaged condition can then be estimated numerically from the displacement mode shapes. 
For a beam cross section with flexural rigidity EI, subjected to a bending moment M x , the curvature x at 
location x is given by 
 
M x
x
EI
 (1) 
 For the beam with given moment applied to the damaged (shown with *) and undamaged structure, a reduction of 
stiffness associated with damage will lead to an increase in curvature. Thus the existence and extent of damage can be 
estimated by measuring the amount of change in the mode shape curvature. Curvatures are often calculated using the central 
difference approximation [11]: 
( 1) ( 1)
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                                                                    (2) 
With i being mode shape number, j the node number, ij is the modal displacement of the coordinate j at mode i. l is 
distance between the nodes. 
The mode shape curvature criterion may be defined as the difference in absolute curvatures ( ) of the healthy and 
damaged structures, for each mode, and may be represented as 
*( ) ( )x x  (3) 
At a certain damage location, the value of mode shape curvature is significantly higher than the ones at other locations. 
Based on the curvature difference values of measured data of damaged and healthy structures the location of damage in the 
structure can be identified.  
2.2. Modal Flexibility Based Damage Detection Method 
Flexibility matrix F  of the model can be expressed as 
 2
1 TF  (4) 
where, = mass normalized modal vectors, 2
1
= diagonal matrix with reciprocal of the square of natural 
frequencies. The flexibility matrix is affected by the mode shapes and the natural frequencies. The localized damage reduces 
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the stiffness and increases the flexibility of the structure. 
The modal contribution to the flexibility matrix decreases as the frequency increases, so the flexibility matrix converges 
rapidly with lower modes. Therefore, a good estimate of the flexibility matrix can be approximated with lower modes [12]. 
The change in flexibility matrix F  can be approximated as 
 *F F F  (5) 
 The damages result in stiffness reduction and the flexibility increment in the corresponding elements near the damages. 
Increase in the flexibility can be used to detect and locate damages in structure.  
3. Finite Element Model 
In order to study the above mentioned algorithms, finite element model of intact reinforced concrete beam is developed 
using ANSYS. Dimensions of the RC beam considered are: 3660 mm in length, 300 mm in height and 150 mm in width, as 
shown in Fig. 1(a). The beam is divided into 82 elements along the length, 6 elements along the height and 4 elements along 
the width. The Solid65 element is used to model the concrete. This element allows the presence of four different materials, 
one matrix material and a maximum of three independent reinforcing materials. The element is capable of plastic 
deformation, cracking in three orthogonal directions, and crushing. The element is defined by eight nodes having three 
translational degrees of freedom at each node. Link8 element is used to model steel reinforcement. It is a 3D spar element 
and has two nodes with three degrees of freedom – translations in the nodal x, y, and z directions at each node. This element 
is also capable of plastic deformation. Steel reinforcement is modelled with discrete model technique [13], where 
reinforcement uses bar or beam elements that are connected to concrete mesh nodes. Hence, concrete and reinforcement 
mesh share the same nodes (Fig. 1(b)). 
The material properties for concrete considered are: compressive strength and tensile strength as 28.9 MPa and 2.9 MPa 
respectively; Density as 2435 kg/m3 and Modulus of elasticity as 27.7 GPa. While for the steel, yield strength considered as 
505 MPa and density 7905 kg/m3, Modulus of elasticity as 205 GPa. The pin-roller boundary condition has been considered 
at the second bottom node from both ends of the beam. 
  
(a)                   (b) 
Fig. 1. (a) Dimensions of Reinforced Concrete Beam (b) Discrete model technique 
   
Fig. 2. The cross section and bottom view of a honeycomb damage in finite element model of Reinforced Concrete Beam 
The honeycomb has been simulated using equivalent stiffness reduction method, whereby stiffness of the designated 
damaged elements got reduced. To simulate the honeycomb damage at the bottom of the RC beam, eight elements (four 
elements at the first level and four elements at the second level from the soffit of the beam) are chosen and their modulus of 
elasticity reduced in the model of reinforced concrete beam (Fig. 2). In order to investigate the effects of damage locations 
and damage severities, nine different damaged cases are considered in the numerical work. The honeycomb damage is 
modelled at different locations and of various intensities to simulate different single and multiple damage scenarios. 
First five flexural modes are extracted for the intact and damaged beam models using ANSYS and the data has been 
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further used in the damage detection algorithms.  
4. Results and Discussion 
The natural frequencies for the intact cases and damage cases considered in the present study are listed in Table 1. The 
natural frequencies have been decreased from those corresponding to the undamaged case. However from the changes in the 
natural frequencies existence of damage can be identified, its location cannot be predicted. 
Table1. Natural Frequencies of intact and damaged beams for different damage Scenarios considered in the present study 
Damage 
case 
Location of 
Damage from 
left end 
Severity of 
Damage Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 Remarks 
D0 -- -- 55.255 133.08 317.73 540.83 786.71 Undamaged  
D1 L/4 60% 55.25 132.49 317.32 540.61 786.23 Change in 
Location D2 L/2 60% 55.224 132.69 317.55 538.99 786.16 
D3 L/4 25% 55.253 132.89 317.60 540.76 786.56 Change in 
severity  of 
Damage 
D4 L/4 50% 55.251 132.63 317.41 540.66 786.34 
D5 L/4 75% 55.248 132.23 317.13 540.52 786.02 
D6 L/4 90% 55.245 131.87 316.88 540.39 785.72 
D7 L/4, 3L/4 60%, 60% 55.245 131.91 316.90 540.39 785.76 Multiple 
Damage D8 L/4, L/2 90%, 50% 55.191 131.86 315.50 540.20 782.71 
D9 L/4, L/2, 3L/4 90%, 60%, 90% 55.165 130.65 314.21 539.70 780.88 
  
 The absolute differences between the curvature mode shapes of the intact and the damaged beam are plotted in Fig. 3(a). 
The maximum difference for each curvature mode shape occurs in the damaged region, the differences in the curvature 
mode shapes are localized near the damaged zone, i.e., it is much smaller outside the damaged region. Fig. 4(a, b, c) show 
the results of absolute difference between the curvature mode shapes for mode 1,2 and 3 respectively of the intact and the 
damaged beam for increased damage case. The maximum curvature difference for each of the damaged cases occurs in 
damaged zone and it increases with increase in damage intensity (reduction in stiffness) of the damaged zone. The higher 
modes are more sensitive to damage. 
The changes in the flexibility for typical damage locations (Damage cases D1 and D2) are plotted in Figure 3(b), and 
4(d).  Change in the flexibility matrix is zero at the supports and increases linearly towards the midspan of the beam. For 
each damage location, the change in flexibility reaches its maximum at the damaged element. Hence, for the beam, the 
region in which the change in the flexibility matrix is maximum in the damaged region. The change in the flexibility matrix 
is larger for the damages located at midspan of the beam than near the supports. The flexibility difference increases with 
severity of damage. 
Even for the multiple damage scenarios, D7 to D9, the location of the damage have been satisfactorily predicted by the 
modal curvature and modal flexibility methods (Fig. 5). 
(a1) Damage D1 (b1) Damage D1 
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(a2) Damage D2 (b2) Damage D2 
Fig. 3. (a) Modal Curvature Method (b) Modal Flexibility Method for detection of damage (Damage Cases: D1 and D2) 
(a) Modal Curvature Difference: Mode1 (b) Modal Curvature Difference: Mode2 
(c) Modal Curvature Difference: Mode3 (d) Modal Flexibility Change for increasing severity 
Fig. 4. (a) (b) (c) Modal Curvature Method (d) Modal Flexibility Method for detection of damage (Damage Cases: D3 to D6) 
(a1) Damage D7 (b1) Damage D7 
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(a2) Damage D8 (b2) Damage D8 
  
(a3) Damage D9 (b3) Damage D9 
Fig. 5. (a) Modal Curvature Method (b) Modal Flexibility Method for detection of damage (Damage Cases: D7 to D9) 
5. Conclusion 
The methods of modal curvature and flexibility difference are applied to detect honeycomb damage in Reinforced Concrete 
beam model. The numerical results demonstrate the effectiveness of both methods in locating single and multiple damage 
scenarios in beams. Mode shape curvatures changes are observed to be highly localized to the region of damage.   
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